Genomic sequencing and structural genomics produced a vast amount of sequence and structural data, creating an opportunity for structure-function analysis in silico [Radivojac P, et al. (2013) Nat Methods 10(3):221-227]. Unfortunately, only a few large experimental datasets exist to serve as benchmarks for functionrelated predictions. Furthermore, currently there are no reliable means to predict the extent of functional similarity among proteins. Here, we quantify structure-function relationships among three phylogenetic branches of the matrix metalloproteinase (MMP) family by comparing their cleavage efficiencies toward an extended set of phage peptide substrates that were selected from ∼64 million peptide sequences (i.e., a large unbiased representation of substrate space). The observed second-order rate constants [k (obs) ] across the substrate space provide a distance measure of functional similarity among the MMPs. These functional distances directly correlate with MMP phylogenetic distance. There is also a remarkable and near-perfect correlation between the MMP substrate preference and sequence identity of 50-57 discontinuous residues surrounding the catalytic groove. We conclude that these residues represent the specificity-determining positions (SDPs) that allowed for the expansion of MMP proteolytic function during evolution. A transmutation of only a few selected SDPs proximal to the bound substrate peptide, and contributing the most to selectivity among the MMPs, is sufficient to enact a global change in the substrate preference of one MMP to that of another, indicating the potential for the rational and focused redesign of cleavage specificity in MMPs.
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protease | specificity-determining positions | MMPs A paramount objective of biological research is to understand how sequence encodes function. Previously, functional regions in proteins were identified using large-scale mutagenesis (e.g., alanine scanning) (1) . More recently, our insights are largely gained by computational approaches aimed at comparing sequences and structures of large protein sets across multiple genomes. The vast increase in the number of available sequences makes it possible to compare homology between sequences from genome projects to proteins of known structure and function and, as a result, identify functional similarities in silico (2) (3) (4) . Because the global fold of most ordered proteins can be reliably predicted (5, 6) and because the catalytic residues of most classes of enzymes are either known or can be inferred (7, 8) , protein sequences can now be directly used to elucidate and classify major protein functions (9) (10) (11) (12) , and are even being extended to predict enzyme substrates (13) .
However, such classifications fail to explain the specialization and expansion of function that is required for organismal plasticity, complexity, and adaptability, all of which are normally driven by gene duplications and subsequent divergence. Computational approaches aimed at identifying functional distinctions across protein families have primarily focused on phylogeny. Fryxell (14) put forth the idea that protein function could be assigned based on correlations among evolutionary trees of interacting proteins and that different branches of a phylogenetic tree are expected to have different functions. To support this idea, Goh et al. (15) constructed evolutionary trees of chemokines and their cognate receptors, and, based on correlations in the phylogenetic trees, predicted potential ligands for orphan G proteins. The approach was then extended to largescale studies, including the use of evolutionary trees to predict interactions among 2,742 Escherichia coli proteins (16) .
Questions on functional specialization are not limited to phylogeny of the full-length proteins. Similar questions can also be asked at the molecular level: are there the amino acid positions within a protein family that selectively govern distinctions in substrate interaction and ligand binding? These residues are often called specificity-determining regions or specificitydetermining positions (SDPs). The SDPs are distinct from a relatively large binding interface. Although mutations across the binding interface can ablate ligand binding, only a subset of residues in the interface confers distinctions in ligand binding. SDPs are normally identified using mutagenesis and protein engineering (17) (18) (19) (20) . Some efforts have been made to perform this type of analysis across a protein family, but because of the experimental challenge, only a limited number of family members were analyzed (21) .
Several computational approaches have been developed to predict SDPs (22) (23) (24) (25) (26) . In most cases, these methods are based on the ideas of Mirny and Gelfand (27) (28) (29) (30) , who suggested that functional specificity is determined by protein regions that are more similar within a group having a common function than between groups with distinct functions. Previous analysis of this Significance Specificity-determining positions (SDPs) account for distinctions in function across a protein family. Many theories on the evolution of functional specificity have led to approaches for predicting SDPs in silico, but large experimental datasets allowing a statistical assignment are lacking. Here, the SDPs of matrix metalloproteinases are elucidated by querying the proteolytic efficiency of eight matrix metalloproteinases, representing three phylogenetic branches, in an extended and diverse substrate space. More than 10,000 measures of cleavage efficiency reveal a near-perfect correlation between similarity in proteolytic function and sequence identity at 50-57 positions on the front face of the catalytic domain. These positions are assigned as SDPs. Transmutation of proteolytic function is possible by swapping SDPs nearest to bound substrate.
type used branch points in phylogenetic trees to indicate functional distinction, but, in principle, the idea could be expanded to any indicator of functional distinction. Despite the expansion in methods for predicting SDPs, there are few quantitative datasets on function for benchmarking these predictions. Furthermore, the current computational methods are unable to provide any information on the relative impact of the individual SDPs, so it is not clear which SDPs are most important for functional distinction.
To address these issues, we use matrix metalloproteinases (MMPs) as model system. Eight representative MMPs, representing three different phylogenic subfamilies, were used in our study. We measured the ability of these MMPs to cleave substrates in a large set of phage peptide substrates (∼6.4 × 10 7 hexapeptide sequences). Interrogating this large sequence space with several MMPs is akin to simultaneously assessing the impact of many mutations in both protease and substrate. This type of quantitative analysis could not be accomplished with so called "physiologic substrates." Ultimately, we arrive at ∼10,500 measures of k (obs) that indicate functional similarity and distinction in MMPs. Hierarchical clustering of k (obs) values for the large substrate space mirrors a phylogenetic tracing of the MMP catalytic domains, proving the connection between function and sequence phylogeny.
In addition, the k (obs) values for each substrate for one MMP were compared with those for all other MMPs, yielding a series of correlation coefficients that are quantitative indicators of MMP functional similarity. We observed a remarkable and near-perfect correlation between these coefficients and sequence identity among 57 discontinuous residues on the front face of the MMP catalytic domain. We conclude that these residues are the SDPs that confer specialization in substrate recognition. This assignment is supported by the fact that swapping the selected SDPs switches substrate recognition between two individual MMPs.
Results
Substrate Preference Is a Mirror of Sequence Phylogeny. The phylogenetic landscape of the MMP catalytic domains was determined by aligning 660 vertebrate MMP sequences using the MUSCLE program (31) . HyperTree (32) was used to draw a near joint tree (Fig. 1A) . Eight human MMPs that represent three different phylogenetic branches were chosen as test proteases. The latter include (i) MMP-2 and -9, which belong to the gelatinase subfamily; (ii) MMP-14, -15, -16, and -24, which belong to the transmembrane MMPs (MT-MMPs); and (iii) MMP-17 and -25, which contain a GPI cell surface anchor (GPI-MMPs) (33) .
A large set of test substrates was created using substrate phage display. Substrates specific for each of the eight MMPs were selected from a library of hexameric peptides expressed on the surface of M13 phage as illustrated in SI Materials and Methods and described in ref. 34 . Approximately 300 phage substrates were selected for each MMP (Fig. S1A) . The position of the scissile bond was determined from the monoisotopic mass of the cleavage products determined by MALDI-TOF MS (Fig. S1B) . The sequence of the peptide was derived from cDNA sequencing. From this original set of ∼2,400 phage substrates, a test set of 1,369 (∼170 substrates from each MMP) was selected. Substrates in the test set were (i) nonredundant in sequence, (ii) contained a single cleavage site, and (iii) had a value of k (obs) > 3,000 M −1 ·s −1 for the target MMP (Fig. S1A ). The k (obs) values for each substrate were determined for each MMP as described in Materials and Methods and ranged from exceedingly low (undetectable) to the maximum value of over 1 × 10 4 M −1 ·s −1 (Dataset S1). From over 1,300 substrates, only ∼100 were cleaved efficiently by all of the MMPs, and almost all of these contained the canonical P-X-X-↓L motif.
To visualize the way the MMPs function in substrate space that is selective across the eight MMPs, the k MMPs from different species were aligned using JalView, and a near joint tree was generated using HyperTree algorithm for the catalytic domains (see Materials and Methods for details). Representative members from each of the three major branches were selected for the study: membrane type I MMPs (transmembrane) MMP-14, -15, -16, and -24; gelatinases MMP-2 and -9; and membrane GPI-anchored MMP-17 and -25. (B) Average linkage trees of sequence identity among the catalytic domains of the MMPs (blue) and k (obs) values obtained for each MMP using the 1,369 phage substrates (orange) were generated using JalView and hierarchical clustering editor (HCE) programs as described in Materials and Methods. The heat map displays the k (obs) of each MMP for each phage peptide substrate.
substrate were subjected to 2D clustering using average linkage, which provided a relative Euclidean distance measure of similarity and distinction in substrate recognition (Fig. 1B , Right). This tree is in complete concordance with the linkage tree for the peptide sequences of the catalytic domain of each MMP (Fig. 1B, Left) . We conclude that, at a global level, distinctions in substrate recognition across the MMP family mirror sequence phylogeny.
Distinction in Substrate Recognition Among MMPs. Differences in substrate preference were further characterized in three ways: (i) based on the frequency of a residue at a particular position in substrate, (ii) the impact of variability at each position, and (iii) the impact of particular residues at each position on k (obs) . Differences in amino acid frequency at different positions are visualized by a Logo plot ( Fig. 2A) . MT-MMPs and GPI-anchored MMPs frequently exhibit the P1′ Leu, whereas gelatinases do not. In gelatinases, the P3 position displays the highest frequency residue, which is predominantly Pro. This observation suggested that particular positions contribute to substrate recognition in varying degrees. This idea was tested by calculating the sequence-activity correlation coefficient (SACC), which determines the impact of sequence variability at each position on substrate cleavage (35) . An SACC score of 1 indicates the total dominance of substrate recognition by that position, whereas a 0 score indicates a lack of any effect. The SACC profiles for the individual P5-P2′ positions, shown as a heat map ( Fig. 2B ), are remarkably similar within each phylogenetic branch, but distinct between branches.
Residues preferred at each substrate position were highlighted by calculating residue preference (RP). RP is the ratio of the average k (obs) of all substrates with given residue at a specified position, divided by the average k (obs) for the entire test set of substrates (see equations in SI Materials and Methods). RP values >1 indicate that substrate hydrolysis is enhanced by the presence of a particular residue at a specific position. Conversely, a value <1 indicates that the residue is unfavorable at the specified positions. Amino acid residues absent from the list for each position were observed with very low frequency or were absent in the phage substrates, indicating that such residues are unfavorable, especially because no positional bias was observed in the sequences from the 766 randomly selected phage inserts. The full spectrum of RPs is displayed in a heat map format generated by one-dimensional clustering. Fig. 2C shows that RP generally correlates with sequence phylogeny of the MMPs. Certain notable deviations were also observed. For example, there is a strong bias against aromatic residues at S3 in both MMP-9 and MMP-17, which belong to the different phylogenetic branches. This feature is more specific for MMP-9 and MMP-17 than for any other MMPs, including those in the respective phylogenetic branches. This observation suggests that this substrate subsite has evolved in a modular manner, perhaps independently from the other subsites.
Assignment of the MMP SDPs. Our measures of k (obs) for >1,300 substrates by eight individual MMPs is akin to a large and reciprocal mutagenesis experiments, in which sequence changes are made in both the substrate and the protease. This allowed us to propose a set of SDPs: a set of residues in protease that account for differences in substrate specificity across the MMP family. This was done by establishing the functional relationship between each pair of MMPs expressed as pairwise hydrolysis correlation coefficient (HR) for the k (obs) values of each test substrate (Table S1 and SI Materials and Methods). This value indicates the degree of similarity in substrate recognition between each MMP pair in the given substrate space. For example, (37) were generated for phage substrates cleaved equally well by the entire set of MMPs (Common) and those selective for individual subfamilies (MT-MMPs, gelatinases, and GPI-anchored MMPs). The height and vertical position of each letter is proportional to the frequency of occurrence of amino acid residues at each position of substrates from P5 to P2′. (B) The contribution of individual subsites to substrate recognition by the test MMPs was determined based on sequence-activity correlation coefficient (SACC) (see SI Materials and Methods for equations) values calculated using k (obs) data obtained for each MMP against 1,369 phage substrates. SACC ranges from 0 (low) to 1 (high). (C) Heat maps of residue preference (RP) (described in SI Materials and Methods) show how individual residues at specific positions from P5 to P2′ influence k (obs) . The heat map was generated by hierarchical clustering. RP ranges from 0 (low) to 2 (high).
the correlation coefficient between MMP-14 and MMP-16 is ∼0.77, indicating their considerable similarity in substrate recognition. However, the correlation coefficient between MMP-16 and MMP-17 is 0.31, indicating substantial distinction in their substrate recognition. When combined, correlation coefficients mathematically describe the relationship between each MMP relative to other MMP in cleaving the given substrate set. The series of HRs for all pairs of MMP were plotted against the sequence identify of the catalytic domains to quantify any potential relationships. We noticed that there is a linear correlation (R 2 = 0.9) between sequence identity of the entire catalytic domains and the set of HR (Fig. 3A) . However, the line describing the relationship intersects the y axis at a point corresponding to a ∼30% sequence identity. This offset suggested that residues identical among the MMPs induce a bias to the correlation. Consequently, we tested the relationship between HR and the sequence identity of 50-57 residues (depending on the MMP) that belong to the variable loops surrounding the catalytic cleft, and constitute ∼55% of the residues on the binding face of the catalytic domain. This group of residues was chosen based on the ideas of Mirny and Gelfand (27, 30) . In this case, we simply eliminated the positions that are conserved on the front face of the catalytic domain in all MMPs. When the variable positions alone are considered, the slope improves to 1.01 with an intercept at the origin while the correlation coefficient continues to remain high (R 2 = 0.87; Fig. 3B ). Statistical significance of the results was tested by identifying the minimum number of substrates sufficient to support robust correlation (Fig. S2) . Only 400 to 600 substrates were necessary for optimal correlation. When sequence identity of the remainder of the catalytic domain is plotted against the set of HR, a correlation levels remains acceptably high (R 2 = 0.79), but the slope deteriorates to 0.44 with a y intercept at 0.40 (Fig. 3C) . The connection between sequence differences and the regions on the MMP structure that comprise the SDPs is illustrated in Fig. 4 . The remarkable correlation between the 50-57 SDPs and HR is also supported by a statistical analysis showing that any reduction in the number of assigned SDPs led to a significant loss in the correlation (Fig.  S3) . The correlation between sequence of the SDPs and HR suggests that the catalytic behavior of a single MMP across the substrate space can be predicted based on information from the other seven MMPs. Indeed, such predictions can be made for each of the eight representative MMPs with remarkable precision (Fig. S4) . This observation suggests that, in the future, it may be possible to predict the catalytic efficiency of MMPs for a subset of substrates, or even a single substrate.
Transmutation of Substrate Preference. Although the total number of SDPs is represented by 50-57 individual residue positions, we reasoned that some aspects of substrate preference could be altered by changing only a few selected SDPs. We tested this idea by transforming the substrate preferences of MMP-16 into those of MMP-17. Selection of the transmutated residues were based on the idea that the MMP residues near the key positions in the substrate (as indicated by SACC score) have the highest impact. The dominant substrate position for MMP-17 is S1′, but both MMP-16 and MMP-17 prefer S1′ Leu. We then excluded this position from our analysis, and focused on the S1 to S3 subsites, which have the highest SACC scores in MMP-16, and which are also important in MMP-17.
Models of substrates docked with MMPs (Fig. 5A ) were used to select those MMP residues, which are positioned at a short, a few angstroms, distance from a high SACC score substrate position, and which are not conserved at the equivalent position in MMP-16. Only four MMP-17 SDP residues meet these criteria: Tyr71, Thr79, Ala92, and Ser130. The corresponding positions in MMP-16 are Ser197, Phe205, and Glu255 (Fig. 5A) , which are also close to key positions in the bound optimal substrate. Ser197 is within a 4-Å distance from the S3 substrate residue, which has a high SACC score in MMP-16 substrates. Both Ser197 and Thr79 are within a 5-Å distance from the S1 position, which has the highest SACC score in the MMP-16 substrates. The carboxyl of Glu255 is likely within a few angstroms distance from the S2 residue, and this parameter is likely to explain the preference for the S2 Arg in MMP-9 (36) .
Based on this analysis, we mutated Ser197, Phe205, Gly217, and Glu255 in MMP-16 into the corresponding MMP-17 residues. The ability of the transmutated hybrid to cleave ∼70 MMP-17-selective substrates, and ∼70 MMP-16-selective substrates was quantified. The k (obs) of each substrate for MMP-16, MMP-17, and the hybrid is shown in Dataset S2. The average k (obs) for the selective sets of substrates for each MMP shows the functional transmutation to be successful (Fig. 5B) . Although MMP-16 was barely capable of cleaving the selective MMP-17 substrates, the hybrid cleaved these 
Discussion
A number of computational approaches based on the hypothesis that functional specificity is determined by protein regions that are more similar within a common functional group than between distinct functional groups have been put forth for predicting SDPs (22-26). Because we determined that distinctions in MMP substrate recognition directly correlate with the phylogenetic distance in the protein sequence of the MMP catalytic domains, our findings are generally consistent with this hypothesis. To the best of our knowledge, our work is the first to achieve the quantitative experimental confirmation of the correlations between functional and phylogenetic distinctions. More significantly, we observe a remarkable correlation between substrate recognition and the sequence identity of 50-57 (depending on the MMP) noncontiguous residues that line the mouth of the MMP catalytic pocket. Our results support the idea that these residues are the SDPs responsible for substrate distinction among the MMP catalytic domains. Together, these results can serve as a benchmark for both testing algorithms aimed at identifying SDPs, and developing new approaches to assign a quantitative value for the significance of the individual SDPs. Of course, the use of our large dataset as a benchmark comes with the proviso that it measures substrate cleavage, rather than substrate binding. There are prior studies that lend support to our assignment of SDPs in MMPs. For example, we previously identified the role of Glu412 in MMP-2 and the corresponding Asp in MMP-9 as a key to substrate distinction by these MMPs. Position 412 in MMP-2 is among the SDPs we identified in our current study. Second, a SDP subset we identified here in the SV-hB loop (Fig. 4) colocalizes with the region that is required for the collagenolytic activity of several MMPs (35, 38, 39) . This colocalization raises questions as to whether these particular SDPs distinguish the collagenolytic vs. noncollagenolytic MMPs (see below).
Our data suggest that there is a distinct level of contribution of individual SDPs to substrate recognition. Although the SDPs comprise 50-57 residues, crystal structures indicate that only a handful of these positions are within a few angstroms of bound substrate and could directly bind to it. Our results also show that transmutation of a few residues that are close to the bound substrate is sufficient to transform, at least qualitatively, the substrate recognition function of one MMP into that of another. It is important, however, to emphasize that our transmutation test is based on the use of MMP-16 and MMP-17 and the peptide substrates that distinguish these two MMPs by between 3-and 10,000-fold. The resulting average k (obs) for these substrates proves the functional transmutation of MMP-16 into MMP-17 via the hybrid. However, the k (obs) for certain individual substrates did not precisely revert in the hybrid to the levels observed in MMP-17. So, although, in general, the functional transmutation of MMP-16 into MMP-17 was successful, it did not result in a precise transmutation of the kinetic behavior for each and every substrate. It is reasonable to conclude that other SDPs, which are distinct from those we mutated, provide the fine-tuning of the MMP substrate specificity, and could even be involved in inducing the torsion thought to be involved in cleavage of the peptide bond.
The catalytic cleft of MMPs binds two additional types of ligands: the MMP propeptide, which maintains the proenzyme status of MMPs, and the natural inhibitors of MMPs called tissue inhibitors of metalloproteinases (TIMPs). It is likely that many of the same residues that make contact with the substrate are also important in binding to these key ligands. Consequently, evolutionary pressure to acquire a wider, or different, substrate 190  200  210  220  230  240  250  260  270  MMP-14 AEGFH ST  EGG  GPN-GDTHFDSAEPWTVRNEDLNGNDIF AVHELG ALGLEHSSDPSAIMAPFYQ--WMDTENFVLPDDD  MMP-15 ASGFH SS  TGG  GPG-GDTHFDADEPWTFSSTDLHGNNLF AVHELG ALGLEHSSNPNAIMAPFYQ--WKDVDNFKLPEDD  MMP-16 ASGFH SS  EGG  GPG-GDTHFDSDEPWTLGNPNHDGNDLF AVHELG ALGLEHSNDPTAIMAPFYQ--YMETDNFKLPNDD  MMP-24 ASGFH SS  EGG  GPG-GDTHFDSDEPWTLGNANHDGNDLF AVHELG ALGLEHSSDPSAIMAPFYQ--YMETHNFKLPQDD  MMP-2 GRWEH GY  GKDG  GTG-GDSHFDDDELWSLGKG--VGYSLF AAHEFG AMGLEHSQDPGALMAPIYT--YTK--NFRLSQDD  MMP-9 GVAEH GY  GKDG  GPG-GDAHFDDDELWSLGKG--QGYSLF AAHEFG ALGLDHSSVPEALMYPMYR--FTE--GPPLHKDD   GD  GD  GD  GD  GD  GD   A  A  A  A  A  A   HAY  HAY  HAY  HAY  HAF  HAF  IQ   IG  LG  IG  IG  VG   LV  LV  LV  LV  LV  LV   H  H  H  H  H  H   F  F  F  F  L  L   PFDG  PFDG  PFDG  PFDG  PFD  PFD   LV  LV  LV  LV  LV  LV   LV  LV  LV  LV  LV  LV   FP  L  MMP-25 ARAFHQDSY  LGG AHAF GEHPISGDTHFDDEETWTFGSKDGEGTDLFAVAVHEFGHALGLGHSSAPNSIMRPFYQGPVGDPDKYRLSQDD  T  PFDG  AV AV   FP  V  MMP-17 SKADHNDGY  PGG AHAF GHHHTAGDTHFDDDEAWTFRSSDAHGMDLFAVAVHEFGHAIGLSHVAAAHSIMRPYYQGPVGDPLRYGLPYED  T  PFDG  AV preference was probably counterbalanced by the pressure to preserve binding to the prodomain and TIMPs, which, in general, are less sequence divergent than substrates. This may explain why all of the MMPs examined here retain the ability to efficiently cleave the substrates with the P-X-X-↓L motif. It may be that cleavage of this sequence is a "passenger function" of the evolutionary pressure to maintain propeptide and TIMP binding. The mechanistic relationship between cleavage of a linear sequence, as studied here, and cleavage of 3D triple helical collagen by some MMPs is not entirely clear. In almost all cases, the hemopexin domain, which is adjacent to the catalytic domain, is required for cleaving collagen (40) (41) (42) , probably by providing an ancillary binding surface. Furthermore, recent work indicates that the MMP-1 collagenase is engaged in an intermittent diffusion alongside the collagen fibril, with the bias component being attributed to proteolysis of substrate (43) . These pauses may allow for unwinding of the fibril to make the cut sites more accessible (44) . In addition to the impact of ancillary domains in binding collagen, cleavage of this complex substrate is fundamentally different from hydrolysis of linear peptide/protein substrates by MMPs. This distinction is illustrated by work with triple helical peptides that model collagen structure (45) (46) (47) . It will be interesting to know how the SDPs identified here contribute to this multistep process of collagen cleavage, which is unique to only a few MMPs.
There are many noncollagenous substrates for the MMPs, including membrane proteins that are shed from the cell surface (48) (49) (50) (51) . MMPs can also cleave proteins like the monocyte chemoattractant proteins, converting them from agonists into antagonists (52, 53) . The substrate preferences identified here may be more reflective of this type of activity by MMPs, especially because our prior computational analysis on all MMP cleavage sites reported in the literature showed the proteases to cleave preferentially in exposed loops and in the disordered regions of proteins (54) . It may ultimately be possible to use the results on substrate preference to assign a "fitness" score for each peptide bond in the proteome for its probability of being susceptible to cleavage by any MMP. However, this will require extensive statistical analysis, and experimental validation in the future. Ultimately such fitness scores could help formulate new hypotheses and to guide proteomic searches for proteins that have been cleaved in a complex mixture of proteins (4, 33, 34) .
Our findings also indicate that there could be substantial distinction in the substrates preferences of MMPs present even in the same phylogenetic branch. For example, 22 from 50 SDPs differ in MMP-2 vs. MMP-9. This divergence is likely to be the foundation for the distinct substrate preference of MMP-2 and MMP-9. In agreement with this statement, we are able to detect substrates that readily discriminate MMP-2 and MMP-9 ( Fig. 1B and Dataset S1). Thus, 15 substrates are ≥10-fold more selective for MMP-9 vs. MMP-2, whereas 174 substrates are ≥10-fold selective for MMP-2 vs. MMP-9. Moreover, several MMP-2 substrates were >1,000-fold more selective for MMP-2 compared with MMP-9. Proteomic studies also suggest that MMP-2 and MMP-9 cleave distinct subsets of cellular substrates (55) .
Other reports show that exosites on the surface of the catalytic domains of the MMPs can modify proteolytic function. One study used a library of nonnatural polymeric ligands to identify 14 residues in MMP-14 that could be physiologically relevant allosteric inhibitory sites (48) . Interestingly, of these 14 positions only 3 overlapped with the 50 SDPs identified by us, suggesting little functional, or evolutionary, overlap among the two functional sites. Consequently, it seems that substrate selectivity and allosteric inhibition probably evolved separately. This line of thought has some broader implications as one might envision using diverse libraries targeted to different functional sites to elucidate the structural basis, and evolutionary relationship, of many different types of ligands for any given family of proteins. It may even be possible to extend this analysis to identify areas in multidomain proteins, or even protein complexes that coevolve with a particular function.
Although all of the SDPs are likely required for the precise kinetic behavior of the individual MMPs toward the extended substrate space, our results show that, on an aggregate level, substitution of a limited number of SDPs can transform proteolytic function of one MMP to that of another. Thus, transmutation of only four SDP residues changed the proteolytic function of MMP-16 into that of MMP-17. We believe that this and similar knowledge may contribute to the redesign of MMPs to exhibit unconventional substrate specificity, which could have therapeutic, diagnostic, or other biotechnology applications (56, 57) . The substrate specificity of several proteases distinct from MMPs has been manipulated (58) (59) (60) , but this was thought to be difficult to achieve with MMPs because of their presumed overlapping substrate specificity. MMPs not only offer a different set of potential target sequences but also have a longer substrate binding cleft than most serine proteases. Consequently, if the subsite recognition preference can be altered simultaneously at several positions, it may be possible to create mutant MMPs with extremely selective target sequences. In addition, the MMP substrate recognition motifs identified here are likely to be valuable for the interpretation of proteomics data and to the assignment of the individual protein substrates to a cognate protease (61-63). In sum, our compendium of cleavage data constitutes a truly valuable resource. The results provide a large dataset for benchmarking computational predictions of SDPs, give information for subsequent use in predicting physiologic substrates, indicate directed strategies for designing proteases with novel substrates, and may help design new diagnostic assays based on proteolytic function.
Materials and Methods
Expression and Purification of Recombinant Catalytic Domains. The recombinant catalytic domains of MMP-2 and -9 were expressed, purified from culture medium from transfected HEK 293 cells, and their active site was titrated as previously described (36, 64) . The catalytic domains of MMP-14 (spanning Tyr112 to Gly284), MMP-15 (Tyr132 to Gly304), MMP-16 (Tyr120 to Gly291), MMP-17 (Gln129 to Gly298), MMP-24 (Tyr156 to Gly327), and MMP-25 (Tyr108 to Gly280) were amplified from a mixture of three first-strand cDNA libraries (Human Panel I, Fetal Panel, and Tumor Panel; all from Clontech). The amplified fragments were ligated into the NdeI-XhoI sites of the expression vector pET21a(+) to generate constructs tagged with a C-terminal His×6 tag. The authenticity of the constructs was confirmed by DNA sequencing. Recombinant catalytic domains of all MMPs (except MMP-2 and -9) were expressed as inclusion bodies in BL-21 DE3 Codon Plus RIL E. coli cells, purified using Ni-NTA agarose (GE Healthcare) after solubilization in 8 M urea, and refolded. To ensure proper quantification of active proteases, their active sites were titrated with active site inhibitors. MMP-2 and -9 were titrated with GM6001 (Ilomastat) (65) , and the AG3340 (66) was used to titrate the other MMPs.
Phylogeny of MMP Catalytic Domains. Phylogenetic trees of the MMPs catalytic domains were built from protein families developed by ENSEMBL (www. ENSEMBL.org) using the Markov clustering (MCL) package (http://micans. org/mcl/) (67) . Two gene families, ENSF00000000368 (358 protein sequences) and ENSF00000000425 (279 sequences), were downloaded from the website and supplemented with sequences of 23 human MMPs from SWISS-Prot (660 sequences altogether). The sequences were aligned using the MUSCLE program with its default parameters (31) . Sequences lacking complete catalytic domains were then removed from the analysis. HyperTree (32) was used to draw NJ tree for the nearly 600 MMPs catalytic domains used for the comparison.
Substrate Phage Selections. The substrate phage selection was performed essentially as in ref. 68 using the semiautomated substrate phage platform we recently described (39) , and which is illustrated in SI Materials and Methods. Briefly, 5 × 10 11 phage particles are mixed with a protease at 200 nM of active enzyme in the Reaction Buffer in a total volume of 0.5 mL and incubated for 2 h at 37°C. A reaction without the protease was performed as a control. Following hydrolysis of phage, the reaction was halted by addition of Ilomastat or AG3340. The uncleaved phage were separated by immunodepletion using M2 anti-FLAG monoclonal antibody (Sigma-Aldrich) coupled to epoxy-activated M-450 magnetic beads (Invitrogen). Following two rounds of selection, individual phage colonies were picked using QPix2 robot, transferred into deep-well 96-well culture plates (Simport), and grown overnight. All subsequent characterizations were performed with these individual phage cultures. Through the phage selections, we arrive at 1,369 test substrates that were used in this study. However, statistical analyses indicate that the number of substrates could probably be reduced to ∼600 and still provide the same information.
Quantifying Cleavage of Phage Substrates. Hydrolysis of individual phage substrates was performed using a modified substrate phage ELISA as previously described (34) . In brief, phage from overnight 1-mL cultures were captured in 96-well microtiter plates coated with anti-M13 antibody and incubated in the Reaction Buffer (50 mM Tris, pH 7.5, 100 mM NaCl, 5 mM CaCl 2 , 0.005% Brij 35) with or without addition of 50 nM individual protease catalytic domain at 37°C for 2 h. After removal of the protease by washing, the FLAG content of the captured phage was determined by incubation with HRP-conjugated M-2 anti-FLAG monoclonal antibody at 4 μg/mL for 1 h (Sigma-Aldrich) followed by detection at 490 nm with o-phenylenediamine substrate. The extent of hydrolysis or the hydrolysis score (HS) was calculated as 1 minus the ratio between OD at 490 nm of the protease-treated and the matching protease-untreated samples. Because the substrate concentrations (∼10 −10 M) were much below the typical K M (∼10 −4 M for peptide substrates), we determined the k (obs) values for each reaction. We chose to use the term k (obs) because the substrates were immobilized in wells of a microtiter plate when measures were made, so we cannot meet the precise requirements of Michaelis-Menten kinetics, which dictate that both substrate and enzyme are in solution. Therefore, instead of using the term k cat /K M , to quantify cleavage efficiency, we instead use k (obs) as a relative measure of cleavage efficiency. k (obs) was calculated using the integrated Michaelis-Menten equation: Determination of Scissile Bonds Within Phage Substrates. The position of scissile bonds within individual phage substrates was determined using methods we previously described (34) , and as illustrated in SI Materials and Methods. Briefly, phage from overnight cultures were PEG precipitated and then dissolved and incubated with 50 nM protease for 2 h at 37°C. For poor substrates, the reaction times were extended to 8 h. The reactions were stopped by addition of MMP inhibitors and the portion of the substrate released from the phage (the C-terminal portion of the cleavage product) was precipitated with anti-FLAG monoclonal antibody-coupled M-280 magnetic beads (Invitrogen). The cleavage product was eluted from the beads with 0.1% TFA and spotted a MALDI-target plate (AnchorChip 400 from Bruker Daltonics). The masses of cleaved peptides were determined using UltraFLEX II MALDI-TOF/TOF mass spectrometer (Bruker Daltonics). The position of the scissile bond in each phage substrate was derived by comparing the mass of the released product to the predicted mass of the phage insert (sequence determined by cDNA sequencing).
Docking Substrates to MMP-16 and MMP-17. Models of substrate docked into the catalytic pocket of MMP-16 and MMP-17 were built by AMBER molecular modeling program using TIMP-2 amino acids from MMP-14-TIMP-2 crystal structures (1BQQ) as guiding template. The structures of either MMP-17 or MMP-16 were superimposed onto the crystal structure of MMP-14 by the FATCAT program. In these models, we maintained the backbone peptide chain of substrate (TIMP-2) according to the crystal structure, but replaced the side chains with those of the corresponding optimal substrate. These were acetyl-LVPRHL-FASG-N-methyl amide for MMP-16 and acetyl-RVVMRL-VLSG-N-methyl amide for MMP-17. Side chains were positioned as closely to residues in MMP by combination of limited molecular-dynamics simulations and force field minimization.
